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Summary
Japanese summary
?production (Ohara et al. ????). In addition, the sap of this 
tree tastes slightly sweet and is widely considered to be a 
healthy drink (Anetai et al. ????). 
Clonal micropropagation protocols by using tissue cul-
ture techniques have been established in Japanese white 
birch (Ide ????; Wakita ????). Ide (????) established in 
vitro micropropagation protocols from axillary buds of one-
year-old seedlings, and cuttings of peeled twigs and petioles 
from adult trees. In addition, he succeeded in in vitro plant 
regeneration though the callus. Furthermore, Wakita (????) 
established in vitro plant regeneration from mesophyll pro-
toplasts of Japanese white birch. Therefore, clonal plantlets 
for molecular biological experiments can be easily obtained 
in this species. 
1.1.2 Characteristics of Inonotus obliquus
Inonotus obliquus (Pers. Ex Fr.) Pilat is a white rot fun-
gus classified to Hymenochaetaceae of Basidiomycotina. 
This fungus distributes in Europe, Siberia, China, Japan, 
and North America (Hirt ????; Mizuno et al. ????; Cha 
et al. ????). Fukushima et al. (????) reported that optimal 
temperature and pH for mycelial growth of this fungus on 
the Fukushima agar medium were ??? and ? to ?, respec-
tively. 
The fungus causes stem heart rot of birch (Betula spe-
cies), and produces a black solid sclerotium called sterile 
conk or canker-like body. The formation of the sclerotium 
Chapter 1  Introduction
1.1 Distributions and descriptions of Japanese white 
birch and Inonotus obliquus
1.1.1 Japanese white birch
Japanese white birch (Betula platyphylla Sukaczev var. 
japonica (Miq.) H. Hara) belongs to Betulaceae and is dis-
tributed through subalpine zone in Honsyu and Hokkaido, 
Japan (Fig. ?.?). Its Japanese name is shirakanba, and this 
species is one of the pioneer species. The trees grow up to 
?? to ?? m in height and ?? to ??? cm in stem diameter. 
The wood is used for furniture, interior, raw materials of 
pulpwood, ﬁ berboard particleboards, and others.
The anatomical characteristics of birch wood (Itoh ????) 
are as follows (Fig. ?.?): Diffuse-porous wood. Pore is 
around ??? μm of diameter in transverse section, and is 
radially multiple of ? to ? row. Vessel element has scalari-
form perforation plates. Axial parenchyma cell is diffusely 
or initially distributed. Ray parenchyma cell is homogenous 
or heterogeneous type II or III in Kribs’s classiﬁ cation. Pith 
ﬂ ecks are frequently observed.
The physical and mechanical properties of birch wood 
(Wood Technology and Wood Utilization Division ????) 
are as follows: Basic density of sapwood is ?.?? g/cm?. 
Shrinkage from green to oven dry is ??.??, ?.??, and ?.??% 
for tangential, radial, and longitudinal direction, respective-
ly. 
The chemical properties of wood (Yonezawa et al. ????) 
are as follows: Holocellulose, ??.?%; ?-cellulose, ??.?%; 
lignin, ??.?%; ethanol-benzene extractives, ?.?%; hot-wa-
ter extractives, ?.?%; ash, ?.??%. Bark extracts from birch 
contain some valuable compounds, such as betulin and bet-
ulinic acid. Betulin exists in the largest quantity in the bark 
of Japanese white birch, and it can be easily isolated from 
bark extracts. Betulin is used as a raw material for chemical 
Fig. 1.1. Photograph of Japanese white birch (Betula platyphylla Suk-
aczev var. japonica) planted in Forest Tree Breeding Center, Forest and 
Forest Products Research Institute, Ebetsu, Hokkaido, Japan.
Fig. 1.2. Micrographs of the sections from Japanese white birch stained 
with safranine.
Notes: 1 and 4, transverse sections; 2, 5, and 6, radial sections; 3, tan-
gential section; A, axial parenchyma cell; R, ray parenchyma cell; V, 
vessel; Wf, wood ﬁ ber; arrowhead, pith ﬂ eck; asterisk, vessel perfora-
tion plate (scalariform); double arrowhead, vessel-ray pit.
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takes several years (Hirt ????; True et al. ????; Zabel 
????) (Fig. ?.?). 
In Russia, the black solid sclerotium of this fungus is 
called “chaga”, and it has been traditionally used as a 
medicine in cancer (Mizuno et al. ????; Shin et al. ????; 
Shashkina et al. ????). Mizuno et al. (????) reported that 
water-soluble and water-insoluble polysaccharide fractions 
isolated from “chaga” had higher antitumor activities, and 
had higher hypoglycemic effects than the mycelial polysac-
charides. In addition, the activity that inhibits protease of 
human immunodeﬁ ciency virus type ? was found in boil-
ing-water extracts from sclerotium of this fungus (Ichimura 
et al. ????). 
1.2 Interactions between Japanese white birch and I. 
obliquus
As described in ?.?.?, I. obliquus is mainly found on 
birch trees including Japanese white birch (Hirt ????; 
Aoshima ????; True et al. ????; Shigo ????; Zabel ????; 
Blanchette ????; Yamaguchi ????, ????; Yamaguchi et 
al. ????; Terho et al. ????; Terho ????; Cha et al. ????). 
Researches have been done about wood decay in Betula 
species by I. obliquus (Hirt ????; Aoshima ????; Blanch-
ette ????; Yamaguchi et al. ????; Terho et al. ????; Terho 
????). Aoshima (????) carried out decay test for sapwood 
and heartwood of Erman’s birch (Betula ermanii Cham.) 
and other ? hardwood species, and ? softwood species. As 
the results, the highest mass loss was observed in the sap-
wood of Erman’s birch (??.?%), and followed by the eart-
wood of Erman’s birch (??.?%). In other species, although 
the fungus could decay the woods, but the mass loss values 
were not so high, ranging from ?.? to ??.?%. Blanchette 
(????) observed progressive stages of degradation in paper 
birch (B. papyrifera) naturally infected with I. obliquus by 
scanning electron microscopy and histological techniques. 
As the results, decay extent was found to be always severest 
in the parts immediately above and below the sterile conk. 
In addition, they reported that I. obliquus apparently evades 
and breaks down chemical and morphological barriers pro-
duced by trees in response to wounding and infection. 
The reports are limited on the interactions between birch 
trees and I. obliquus at initial stage of infection. Recently, 
Cha et al. (????) observed the basidiocarps of I. obliquus 
at the margin of a sterile conk on the stem of a living paper 
birch tree (B. papyrifera) in North America. Rahman et al. 
(????) investigated anatomical and histochemical charac-
teristics of living plantlets Tohoku of Japanese white birch 
infected with the I. obliquus strain IO-U? to clarify the 
host-pathogen interactions. As the results, phenolics first 
deposited at the cut margin and subsequently in vessels af-
ter ? h of infection, and their deposition extended to other 
xylem elements, cortex, and pith. In addition, a necrophy-
lactic periderm was formed at ?? d post-inoculation. Based 
on the results, they concluded that phenolic accumulation 
and necrophylactic periderm formation are considered to 
occur as infection-induced responses in Japanese white 
birch plantlets Tohoku infected with I. obliquus IO-U?.
However, further research is needed to clarify the inter-
actions between birch trees and I. obliquus at initial stage of 
infection. 
1.3 Plant responses to pathogen
1.3.1 Plant immunity
Plant resistance against pathogens can be classiﬁ ed into 
passive protection and active defense mechanism. Passive 
protection against pathogens which is not specialized to 
attack a specific host is provided by cell wall, cuticular 
layer, and accumulation of polyphenols (Israel et al. ????; 
Archer and Cole ????; Haslam ????). The other defense 
mechanism is very quick response, induced immediately 
by recognition of pathogen attack. The responses involve 
inﬂ ux of Ca?+, generation of reactive oxygen species (ROS), 
cell death at infection sites called as hypersensitive reaction 
(HR) or programmed cell death, expression of pathogene-
sis-related (PR) proteins, production of phytoalexins, and 
establishment of systemic acquired resistance (SAR) and 
wound induced systemic resistance (WSR) (Niki et al. 
????; Shirasu and Schulze-Lefert ????; Dangl and Jones 
????). Salicylic acid (SA) and jasmonic acid (JA) are es-
sential compounds in signaling pathways of SAR and WSR, 
accompanying induced expression of acidic and basic 
PR-protein genes, respectively. In this way, signal pathways 
and cascades are different between SAR and WSR (Niki et 
al. ????). These defense mechanisms have been regarded as 
a part of plant immunity. These mechanisms, however, have 
been mainly clariﬁ ed by investigating the interactions be-
tween herbal plants and pathogens. On the other hand, these 
mechanisms in woody plant are still remained unknown. 
Fig. 1.3. Sclerotium of I. obliquus found in Japanese white birch tree (A) 
and decay in heartwood of Betula ermanii Cham. by I. obliquus (B).
Notes: Arrowhead indicates sclerotium, and double arrowhead indicates 
decayed portion.
?1.3.2 Biochemical defenses against fungi in plants
Accumulation of phenolic compounds and increase of 
suberin or lignin contents in xylem have important roles for 
defense mechanisms against pathogens in plants (Pearce 
????, ????; Yamada ????). 
It has been reported that phenolic compounds accumulate 
in lesion margins and portions infected by pathogen (Shain 
and Hillis ????; Shirata and Takahashi ????; Cvikrová et 
al. ????). For example, in xylem of Norway spruce (Picea 
abies) infected with Fomes annosus, accumulations of hy-
doroxymatiresinol in association with alkaline condition 
in the reaction zone contributes to the resistance of the 
sapwood to F. annosus in vivo (Shain and Hillis ????). 
Shirata and Takahashi (????) examined the production of 
antifungal substances in xylem tissue of one-year-old mul-
berry shoots (Morus alba L.) inoculated with Fusarium so-
lani f. sp mori. In the xylem, phenolic compounds, such as 
oxyresveratrol and ?’-prenyloxyresveratrol, were identiﬁ ed 
as phytoalexins of mulberry. In Norway spruce naturally 
infected with Ascocalyx abietina, the browning zones were 
characterized by signiﬁ cantly higher levels of free and cell 
wall-bound phenolic acid at the site of the A. abietina infec-
tion (Cvikrová et al. ????). 
Suberin, a lipid biopolymer, is the most important struc-
tural component of the cork cell walls, which plays the 
physiologically important roles of thermal and hydric insu-
lation in bark tissue (Sakai ????). In addition, Pearce (????) 
pointed out that the main cell wall polymer associated with 
host-pathogen interactions in xylem tissue is suberin, a 
characteristic component of the secondary plant surface, 
where its resistance to microbial degradation and hydro-
phobic properties are important in maintaining the integrity 
of this plant-environment interface. Biggs (????) observed 
deposition of suberin in outer layer of callus in Prunus 
perisica (L.) Batsch cv. ‘Sunhaven’ and ‘Candor’ infected 
with Leucostoma cincta and L. persoonii, suggesting that it 
this event the formation of necrophylactic periderm. 
Plant peroxidases (PODs) are involved in the lignifica-
tion and suberization of the cell wall, and the cross-linking 
of cell wall proteins to limit pathogen invasion through cell 
wall reconstitution. In the presence of H?O?, phenolics are 
polymerized to lignin and suberin by POD-mediated oxida-
tive reactions. POD-mediated phenolic oxidation also syn-
thesizes anti-pathogenic phenolics, such as phytoalexins, in 
addition to polymerizing phenolic monomers into cell wall 
components (Kawano ????; Passardi et al. ????; Almagro 
et al. ????; Marjamaa et al. ????). Therefore, PODs have 
very important roles in plant defense mechanisms. Calderón 
et al. (????) examined peroxidase-mediated formation 
of resveratrol oxidation products during the hypersensi-
tive-like reaction of grapevine (Vitis vinifera cv. Monas-
trell) cells to an elicitor from Tricoderma viride. Elicitor 
treatment increased the level of extracellular peroxidases 
and caused the induction of new basic peroxidase isozyme, 
B?, which was correlated with the formation of resveratrol 
oxidation products.
1.4 Signiﬁ cance of proteome analysis
It has been considered that proteome analysis is a pow-
erful method to elucidate vital phenomena in organisms 
(Chevalier ????). Proteome analysis has been applied to 
clarify the host plant-pathogen interactions (Casado-Vela et 
al. ????; Chivasa et al. ????; Mahmood et al. ????; Amey 
et al. ????; Yuan et al. ????; Chevalier ????; Marsh et 
al.????). When rice cv. Java ?? seedlings were inoculated 
with compatible (Xo????) and incompatible (T????) races 
of Xanthomonas oryzae pv. oryzae, ?? proteins were dif-
ferentially expressed in response to the bacterial infection. 
These proteins were categorized into the classes related to 
energy (??%), metabolism (??%), and defense (??%) (Mah-
mood et al. ????). In a susceptible grapevine (Vitis vinifera 
‘Cabernet Sauvignon’) infected with powdery mildew (PM) 
(Erysiphe necator), a comparative analysis of the differen-
tially expressed proteins was conducted, with ?? proteins 
being signiﬁ cantly altered in abundance at ??, ??, ??, and 
?? h post-infection. These PM-responsive proteins were 
classiﬁ ed functionally into the groups involved in photosyn-
thesis, metabolism, disease/defense, protein destination, and 
protein synthesis, suggesting that PM-susceptible Cabinet 
Sauvignon is able to initiate a basal defense but unable to 
restrict fungal growth with slow disease progression (Marsh 
et al. ????). A proteomic approach was also used to identify 
the host proteins altering in abundance during Peronospora 
viciae infection to a susceptible cultivar of pea (Pisum sa-
tivum cv. Livioletta) (Amey et al. ????). At ? d post-inocu-
lation, the following proteins were identiﬁ ed in their study: 
ABR?? stress-response protein, the pathogen-induced 
PI??? protein, three photosynthetic proteins, a glycine-rich 
RNA binding protein, and two glyceraldehyde ?-phosphate 
dehydrogenases which can be induced by a range of abiotic 
and biotic stresses in many plant species. Thus, proteomics 
has developed into a useful tool to understand plant-mi-
crobe interactions at the molecular level (Mahmood et al. 
????). However, only a few reports are available for the in-
teractions between woody plants and pathogen (Yuan et al. 
????; Marsh et al. ????). 
1.5 Objectives of the present study
Defense mechanisms against pathogens have been clari-
ﬁ ed in many herbaceous plants including crops and vegeta-
bles. In addition, researches on plant immunity through pro-
teomic analysis have been done for some herbaceous plants. 
On the other hand, defense mechanisms in woody plants 
against pathogens are not fully understood. As described in 
?.?, Japanese white birch is considered as an important bio-
mass resource in subalpine zone of Japan, whereas, heart-
rot of the birch wood by I. obliquus sometimes occurs and 
causes substantial damages of the tree. In order to utilize the 
biomass resources of Japanese white birch, the responsive 
mechanisms of the birch to I. obliquus need to be clariﬁ ed. 
?????????????????????????????????
? ??????????????????????
The objective of the present study is to clarify the re-
sponsive mechanisms of Japanese white birch plantlet in-
fected with I. obliquus. To clarify the interactions between 
Japanese white birch plantlet and I. obliquus, the fungus 
was artiﬁ cially infected to the clonal propagated plantlets. 
After infection, time-course changes were analyzed for in 
situ deposition of phenol compounds, lignin distribution, 
POD distribution, and POD isozyme expression. In addi-
tion, the proteins produced specifically in Japanese white 
birch plantlet infected with I. obliquus were identified by 
the proteome analysis.
1.6 Composition of the thesis
In Chapter ?, general descriptions of Japanese white 
birch and I. obliquus are described. In addition, the inter-
actions between Japanese white birch and I. obliquus are 
also described. This chapter also described the interactions 
between plants and pathogens and defense mechanisms 
of woody plants. Furthermore, significance of proteome 
analysis is described for clarifying the interactions between 
plants and pathogens. In addition, the objective of the pres-
ent study and outline of this thesis are described in the ﬁ nal 
part of chapter.
Chapter ? describes time-course changes of in situ depo-
sition of phenolic compounds in Japanese white birch plant-
lets infected with I. obliquus.
In Chapter ?, the time-course changes of the in situ POD 
distribution and POD isozyme expression were examined 
for Japanese white birch plantlets infected with I. obliquus. 
In addition, the relationship between deposition of phenolic 
compounds and POD distribution is also discussed. 
In Chapter ?, the responsive mechanisms of the birch 
plantlets infected with I. obliquus were investigated by us-
ing proteome analysis, even though the complete genome 
sequence of Japanese white birch has not yet been eluci-
dated. This chapter also describes identiﬁ cation of proteins 
produced speciﬁ cally in the birch plantlet infected with I. 
obliquus.
In Chapter ?, the interactions between Japanese white 
birch plantlet and I. obliquus are summarized, and re-
sponsive mechanisms of the birch plantlet infected with I. 
obliquus are discussed. 
Chapter 2  Histochemical studies of specific phenolics 
accumulation in the Japanese white birch 
plantlet infected with Inonotus obliquus
2.1 Introduction
Inonotus obliquus causes stem heart rot of birch (Betula 
spp.) (Hirt ????; Aoshima ????; True et al. ????; Zabel 
????; Blanchette ????; Yamaguchi ????, ????; Yamaguchi 
et al. ????). Development of decay in Betula trees by this 
fungus has been investigated (Hirt ????; Aoshima ????; 
Blanchette ????; Yamaguchi et al. ????; Terho et al. ????; 
Terho ????). However, the reports are limited on the in-
teractions between birch trees and I. obliquus at the initial 
stage of infection (Rahman et al. ????). 
Accumulation of phenolic compounds and increase of 
suberin or lignin contents in xylem have been considered as 
some of the defense mechanisms of trees against pathogens 
(Pearce ????, ????; Yamada ????). When Fusarium solani 
f. sp mori was inoculated to the xylem tissue of one-year-
old mulberry (Morus alba L.) shoots, some phenolic com-
pounds, such as oxyresveratrol and ?’-prenyloxyresveratrol 
were identified as phytoalexins of mulberry (Shirata and 
Takahashi ????). In Prunus perisica (L.) Batsch cv. ‘Sun-
haven’ and ‘Candor’ infected with Leucostoma cincta and 
L. persoonii, suberin deposited in the outerlayer of cullus, 
suggesting the formation of necrophylactic periderm (Biggs 
????). In Pinus nigra / Sphaeropsis sapinea pathosystem, 
lignin deposition was induced with an ?.?-fold increase in 
lower stem of five-year-old potted P. nigra by fungal in-
fection compared to wounding alone (Bonello and Blodgett 
????). 
In this chapter, to understand the interactions between 
Japanese white birch plantlet and I. obliquus at initial 
stage, deposition of lignin and accumulation of phenolic 
compounds were histochemically observed in the intact 
(C?), wounded (C?), and infected (T) plantlets. Based on 
the obtained results, the functions of lignin and phenolic 
compounds induced at initial stage of fungal infection were 
discussed. 
2.2 Materials and methods
2.2.1 Preparation of plant and fungal materials
Three-month-old Betula platyphylla var. japonica (Jap-
anese white birch) plantlets No.? were used for the exper-
iments. The clonal Japanese white birch plantlet No.? was 
originally provided from Forestry and Forest Products Re-
search Institute, Tsukuba, Japan. The plantlets were grown 
on the Murashige and Skoog medium (Murashige and 
Skoog ????) supplemented with ?.? μM indole-?-butyric 
acid and ?.? μM ?-naphthaleneacetic acid. For propagation 
of the plantlets, axillary buds were subcultured every three 
Fig. 2.1. Illustration of treatments in C1, C2, and T plantlets.
Note: M, Mycelium of I. obliquus.
?months. The plantlets were grown at ??? under the illumi-
nation of cool white ﬂ uorescence lamp at ?? μmol?m-??s-? 
for ??-h photoperiod.
Inonotus obliquus strain IO-U? was used for the experi-
ments. The fungus was provided from Forest Resource Bi-
ology, Forest Resource Science, Division of Environmental 
Resources, Graduate School of Agriculture, Hokkaido Uni-
versity. This fungus was originally collected at Uryu Exper-
iment Forest, Field Science Center for Northern Biosphere, 
Hokkaido University. The fungus was cultured on pota-
to-dextrose-agar slant medium (Difco Laboratories, USA) 
in ?? mL test tubes at ??? in the dark. After the mycelial 
growth, the cultures were stored at ?? in a refrigerator.
2.2.2 Fugal infection and wounding to the plantlets
In this study, the intact (C?), wounded (C?), and infected 
(T) plantlets were prepared (Fig. ?.?). The third internode 
from the apex of a plantlet was cut in a depth of approx-
imately ? mm using a surgical knife, and then the fungus 
was inoculated to the wound. Sterile plantlets of C? and 
C? were also prepared as controls. After the treatments, the 
plantlets of C?, C?, and T were further grown for ?, ?, ?, 
and ?? h, and ?, ?, ??, and ?? d for microscopic observa-
tion.
2.2.3 Preparation of the sections for microscopic obser-
vation of speciﬁ c phenolic compounds by ﬂ uores-
cence microscopy 
The internodal samples of C?, C?, and T were collected 
at ? h to ?? d after the treatments. For ﬁ xation, the samples 
were soaked into the mixture of formalin, acetic acid, and 
alcohol (FAA, ?: ?: ?? in volume) in vacuo for ? h, and then 
they were kept in FAA solution at ambient temperature for 
? d. After that, the samples were replaced with ??% ethanol 
for ? d, and dehydrated with grated t-butyl alcohol series. 
The dehydrated samples were embedded with Paraplast 
X-tra (Fisher HealthCare, USA) at ??? for ? d in a natural 
convection oven (DOV-???, AS ONE, Japan).
Transverse and longitudinal-radial sections (?? μm in 
thickness) were obtained from the embedded samples by a 
rotary microtome (RV-???, YAMATO, Japan). The parafﬁ n 
ribbon was extended on a slide glass coated with Haupt’s 
glue (Haupt ????) at ??? for ?? h on a parafﬁ n stretching 
plate (EC-????, AS ONE).
Paraplast was removed from the sections with xylene. 
After removing Paraplast, the sections were dehydrated 
with graded ethanol series and then dipped into xylene for 
each ? min, mounted with Eukitt, and then observed by a 
ﬂ uorescence light microscope (BX??, Olympus, Japan), us-
ing excitation with UV light.
Fig. 2.2. Fluorescence micrographs of lignin deposition in the transverse and longitudinal sections of C1 Japanese white birch plantlets No.8 after 2 h to 30 d (Takashima 
et al 2013b).
Note:bar = 100?m
?????????????????????????????????
? ??????????????????????
Fig. 2.3. Fluorescence micrographs of lignin deposition in the transverse and longitudinal sections of C2 Japanese white birch plantlets No.8 after 2 h to 30 d (Takashima 
et al. 2013b).
Note: The arrows indicate the speciﬁ c autoﬂ uorescence of lignin; the arrow-heads indicate the wound sites; the asterisks indicate the calli; bar = 100?m.
?Fig. 2.4. Fluorescence micrographs of lignin deposition in the transverse and longitudinal sections of Japanese white birch plantlets No.8 infected with I. obliquus (T) 
after 2 h to 30 d (Takashima et al. 2013b).
Note: The arrows indicate the speciﬁ c autoﬂ uorescence of lignin; the arrow-heads indicate the wound and infection sites; the asterisks indicate the calli; bar = 100?m.
?????????????????????????????????
?? ??????????????????????
2.2.4 Preparation of the sections for light microscopic 
observation of phenolic compounds
The third internode samples (ca. ? cm in length) were 
cut from the stems of C?, C?, and T plantlets. Immediately 
after collecting the samples, the transverse sections (?? μm 
in thickness) were obtained by a cryostat sliding microtome 
(Sliding microtome: Yamato Kouki Co., Japan; Cryo sys-
tem: MA-??? and MA-???, Komatsu Electronics Inc., Ja-
pan). In addition, the longitudinal radial sections (?? μm in 
thickness) were also obtained by a simple hand microtome 
(Nippon Optical Works Co., Japan).
Fast blue BB was applied for staining phenolic com-
pounds (Gahan ????). In this method, the phenolic com-
pounds were stained in red to dark brown color. The sec-
tions were stained with ?.??% Fast blue BB (Thermo Fisher 
Scientific Co., USA) solution in ??% ethanol for ?? min. 
Stained sections were mounted with ??% glycerin and ob-
served by an optical microscope (BX ??, Olympus) under 
light illumination.
2.3 Results
2.3.1 Specific phenolics deposition by wounding and 
fungal infection
Fluorescence micrographs of non-staining sections are 
shown in Figs. ?.? to ?.?. Specific phenolics autofluores-
cence was not observed in all sections from the C? plant-
lets, whereas the autoﬂ uorescence of normal phenolic com-
pounds was observed (Fig. ?.?). 
In the C? plantlets, the speciﬁ c autoﬂ uorescence of phe-
nolic compounds was ﬁ rst observed in the cortex after ? h, 
and in the pith and vessels at ? h after the wounding. After 
?? and ?? d of the treatments, wound-induced callus tissue 
developed, and the outer layer of the callus exhibited the 
autoﬂ uorescence of phenolic compounds. The localization 
of the speciﬁ c autoﬂ uorescence of phenolic compounds was 
limited near the wound-tissue (Fig. ?.?). 
In the T plantlets, the presence of specific autofluores-
cence was conﬁ rmed at the vessel walls at ? h post-infec-
tion. After that, the speciﬁ c autoﬂ uorescence was also ob-
served in the cortex and cambium ? d after infection, and in 
the pith at ?? d post-infection (Fig. ?.?). At ?? d post-infec-
tion, the outer layer of wound-induced callus also exhibited 
the specific autofluorescence in the T plantlets (Fig. ?.?). 
Compared to the C? plantlets, the speciﬁ c autoﬂ uorescence 
was more extensively observed in the T plantlets.
 
2.3.2 Speciﬁ c phenolic accumulation against wounding 
and fungal infection
Figs. ?.? to ?.? show micrographs of the sections stained 
with Fast blue BB, which stains phenolic compounds in 
red-brown color (Gahan ????). 
In the C? plantlets, the speciﬁ c accumulation of phenolic 
compounds was not observed during post-culture from ? 
h up to ?? d (Fig. ?.?). In the C? plantlets, phenolic com-
Fig. 2.5. Light micrographs of the transverse and longitudinal sections, stained with Fast blue BB, prepared from of C1 Japanese white birch plantlets No.8 after 2 h to 30 d 
(Takashima et al. 2013b).
Note: Bar = 100?m.
??
Fig. 2.6. Accumulation of speciﬁ c phenolic compounds in the transverse and longitudinal sections of C2 Japanese white birch plantlets No.8 after 2 h to 30 d  (Takashima 
et al. 2013b).
Note: The arrows indicate the accumulation of phenolic compounds; the arrow-heads indicate the wound sites; the asterisks indicate the calli; bar = 100?m.
?????????????????????????????????
?? ??????????????????????
Fig. 2.7. Accumulation of phenolic compounds in the transverse and longitudinal sections of Japanese white birch plantlets No.8 infected with I. obliquus (T) after 2 h to 
30 d  (Takashima et al. 2013b).
Note: The arrows indicate the accumulation of phenolic compounds; the arrow-heads indicate the wound sites; the asterisks indicate the calli; bar = 100?m.
??
pounds were observed in the cortical layer, cambium, and 
callus at ? h, ? h, and ?? d after wounding, respectively 
(Fig. ?.?). However, the phenolic compounds were only 
localized near the wounded zone. On the other hand, in the 
T plantlets, the presence of phenolic compounds was con-
ﬁ rmed in the cortical layer and lumen of vessels at ? h after 
infection (Fig. ?.?). Thereafter, phenolic compounds were 
found in the cambium zone at ?? h after infection and in the 
pith area at ? d after infection (Fig. ?.?). At ?? d after infec-
tion, accumulation of phenolic compounds was recognized 
in the wound-induced callus in the T plantlets (Fig. ?.?). 
The tissues which accumulated phenolic compounds at ? d 
post-infection continued to accumulate the compounds up 
to ?? d post-infection. In addition, the phenolic compounds 
were observed only at ? h post-infection in the T plantlets, 
whereas they were observed at ? d after wounding in the C? 
plantlets. Furthermore, the compounds accumulated more 
widely in the tissues of T plantlets than in C?, and the col-
or of phenolic compounds stained with Fast blue BB was 
deeper in T than in C?.
2.4 Discussion
In plants, deposition of suberin and lignin and accumula-
tion of phenolic compounds are induced as wound respons-
es (Pearce and Ride ????; Espelie et al. ????; Lagrimini 
????; Hawkins and Boudet ????; Bucciarelli et al. ????; 
Choi et al. ????). These responses to wounding primar-
ily serve to impede the entry of microorganisms into the 
opened tissue (Bucciarelli et al. ????). In Eucalyptus gun-
nii Hook. subjected to mechanical wounding, deposition of 
suberin and lignin was detectable by ? d post-wounding in 
the wounded zone of bark where a developed necrophylac-
tic periderm was observed by ? d post-wounding and by ?? 
h post-wounding in the wound zone of xylem. The results 
suggest that the spatial reinforcement of cell walls with 
lignin and/or suberin is carefully orchestrated to rapidly 
produce effective protective barriers (Hawkins and Boudet 
????). On the other hand, some reports have showed that 
Betula species exhibited less effective wound reaction than 
some other hardwood species (Dujesiefken et al. ????). 
Dujesiefken et al. (????) examined wound reactions of ? 
hardwood species including silver birch (Betula pendula 
Roth), and reported that silver birch had the weakest com-
partmentalization with discoloration which indicates the ac-
cumulation of phenolic compounds. It seems to be a cause 
of which Japanese white birch is popularly susceptible to 
dying or decay following the wound and pruning (Vartia-
mäki et al. ????). However, in the present study, specific 
autoﬂ uorescence and accumulation of phenolic compounds 
were induced by wounding (Figs. ?.? and ?.?), suggesting 
that phenolic compounds were induced as the substances 
against wounding in Japanese white birch plantlet. Barry 
et al. (????) reported that accumulation of phenolics is not 
a general response to wounding, but various responses due 
to the interactions between microorganisms and sapwood. 
In addition, in the present study the specific autofluores-
cence and phenolic accumulation were more extensively 
recognized in many tissues of the T plantlets than in those 
of the C? plantlets. Furthermore, phenolic compounds were 
rapidly induced in the T plantlets compared to the C? plant-
lets. Rahman et al. (????) also reported that the deposition 
of phenolics and the formation of necrophylactic periderm 
in Japanese white birch Tohoku plantlets were enhanced at 
later stages after infection with I. obliquus strain IO-U?. It 
is considered, therefore, that massive induction of phenolic 
compounds was triggered by fungal infection in Japanese 
white birch plantlets, irrespective of the difference in birch 
genotype. 
2.5 Summary
In this Chapter, accumulation of phenolic compounds 
was histochemically observed in intact (C?), wounded 
(C?), and infected (T) plantlets. Speciﬁ c autoﬂ uorescence 
of lignin and accumulation of phenolic compounds were 
not observed in C? plantlets. On the other hand, in the C? 
plantlets, the specific autofluorescence of lignin was first 
observed in the cortex after ? h and in the pith and vessels 
? h after wounding. After ?? and ?? d of the treatments, 
wound-induced callus tissue developed, and the outer 
layer of the callus exhibited the autofluorescence of phe-
nolic compounds. In addition, phenolic compounds were 
observed in the cortical layer, cambium, and callus at ?, 
??, and ?? d after wounding, respectively. In C? plantlets, 
phenolic compounds were only localized near the wounded 
zone. In the T plantlets, the speciﬁ c autoﬂ uorescence was 
observed in the vessel wall at ? h post-infection, in the cor-
tex and cambium at ? d post-infection, and in the pith at ?? 
d post-infection. In addition, the outer layer of wound-in-
duced callus also showed the specific autofluorescence at 
?? d post-infection. Similar results were also obtained in 
the accumulation of phenolic compounds. Based on the 
obtained results, it is considered that massive induction of 
phenolic compounds was triggered by fungal infection in 
Japanese white birch plantlets No.?. 
Chapter 3  The relationships between distribution of 
specific peroxidase activity and expression 
of peroxidase isozymes
3.1 Introduction
As described in Chapter ?, lignin deposition and accu-
mulation of phenolic compounds were more rapidly and 
extensively observed in the T plantlets compared to the C? 
plantlets. 
Plant peroxidases (PODs) are involved in the lignifica-
tion and suberization of the cell wall and the cross-linking 
of cell wall proteins to limit pathogen invasion through cell 
wall reconstitution. Lignin and suberin are polymerized 
from phenolics by POD-mediated oxidative reactions in the 
presence of H?O?. POD-mediated phenolic oxidation also 
?????????????????????????????????
?? ??????????????????????
synthesizes anti-pathogenic phenolics, such as phytoalexins, 
in addition to polymerizing phenolic monomers into cell 
wall components (Kawano ????; Passardi et al. ????; Al-
magro et al. ????; Marjamaa et al. ????). Therefore, PODs 
have very important roles in plant defense mechanisms. 
The purpose of this Chapter is to clarify the relationships 
between distribution of in situ specific POD activity and 
POD isozyme expression in Japanese white birch plantlets 
No.? infected with I. obliquus strain IO-U? by examining 
their time-course changes. 
3.2 Materials and methods
3.2.1 Preparation of plant and fungal materials
Three-month-old Japanese white birch plantlets No.? and 
I. obliquus strain IO-U? were used for the experiments. The 
preparation of the plantlets, the fungus, intact (C?), wound-
ed (C?), and infected (T) plantlets were performed accord-
ing to the methods described in Chapter ?. 
3.2.2 Fungal infection and wounding to the plantlets
After the treatments, the plantlets were grown for ?, ?, ?, 
and ?? h, and ?, ??, and ?? d. The third internodes (? cm in 
length) were collected from the C?, C?, and T plantlets to 
observe the in situ POD activity, lignin deposition, and phe-
nolic accumulation. In addition, the same samples at ?, ??, 
and ?? d were used for analyzing the POD isozymes.
3.2.3 Preparation of the sections for microscopic obser-
vation of in situ peroxidase activity
POD activity was detected by the method of De Vecchi 
and Matta (????). The third internodes (? cm in length) 
were collected from the C?, C?, and T plantlets. The sam-
ples were ﬁ xed with ?% glutaraldehyde for ?? min. After 
ﬁ xation, the samples were washed with ?.?? M propanediol 
buffer (pH ?.?) for ? h. The ?,?’-diaminobenzidine tetra-
chloride (DAB) solution was prepared for detecting POD 
activity. DAB (?? mg) was dissolved in ? mL of ?.?? M 
propanediol buffer. In addition, ?.? mL of ?% H?O? was 
added to the prepared solution just before use. The samples 
were soaked into DAB solution at ??? for ? h, and then 
washed with ?.?? M propanediol buffer for ? min. After 
washing, transverse sections (?? ?m in thickness) were 
obtained by the cryostat sliding microtome (Sliding micro-
tome: Yamato Kouki Co.; Cryo system: MA-??? and MA-
???, Komatsu Electronics Inc.). Longitudinal radial sections 
(?? ?m in thickness) were obtained by a simple hand mi-
crotome (Nippon Optical Works Co.). These sections were 
mounted with ??% glycerin and observed with an optical 
microscope (BX ??, Olympus) under light illumination.
3.2.4 Peroxidase isozyme analysis
For analyzing the POD isozymes, the samples (? cm in 
length) were cut from the stems of C?, C?, and T plantlets 
and then immediately deep-frozen in liquid N?. The frozen 
Fig. 3.1. In situ peroxidase distribution in the transverse and longitudinal sections of C1 Japanese white birch plantlets No.8  (Takashima et al. 2013b).
Note: Bar = 100?m.
??
Fig. 3.2. In situ speciﬁ c peroxidase distribution in the transverse and longitudinal sections of C2 Japanese white birch plantlets No.8 (Takashima et al. 2013b).
Note: The arrows indicate the localization of peroxidase; the arrow-heads indicate the wound sites; the asterisks indicate the calli; bar = 100?m.
?????????????????????????????????
?? ??????????????????????
Fig. 3.3. In situ speciﬁ c peroxidase distribution in the transverse and longitudinal sections of Japanese white birch plantlets No.8 infected with I. obliquus (T) (Takashima 
et al. 2013b).
Note: The arrows indicate the localization of peroxidase; the arrow-heads indicate the wound and infection sites; the asterisks indicate the calli; bar = 100?m.
??
samples were homogenized in an extraction buffer (EXT) 
composed of EXT-?, EXT-?, and EXT-? in a volume ra-
tio of ?: ?: ?. The components were as follows: EXT-?, 
?.?% Trizma Pre-Set Crystal (Sigma-Aldrich, USA) (w/
v) (pH ?.?), ?.??% Na?EDTA (w/v) (Dojin Laboratories, 
Japan), and ??% glycerol (v/v) in distilled water; EXT-
? - ?% Tween ?? (v/v) in distilled water; EXT-?, ?.???% 
dithiothreitol (w/v) in distilled water (Shiraishi ????). The 
homogenates were centrifuged at ??,??? ? g for ?? min at 
??, and the supernatants were deionized using MicroSpin 
column G-?? (GE Healthcare, USA) by centrifugation at 
??? ? g for ? min at ??. The obtained samples were used 
for the POD isozyme analysis. 
The protein concentration in each sample was determined 
according to the method of Bradford (Bradford ????). 
Isoelectric focusing (IEF) of the protein preparations was 
conducted using a Multiphor II Electrophoresis System (GE 
Healthcare) and PowerPac HV (Bio-Rad, USA) with native 
PAGE [T = ?% and C = ?%, containing ?.?% Pharmalyte 
(pH range ?.?-?.?, GE healthcare)] (Westermeier ????). 
The isoelectric points were estimated using the protein stan-
dards (IEF Standards, pI ?.??-?.??, Bio-Rad). Aspartic acid 
(?.?? M) was used as the anolyte, and ? M NaOH was used 
as the catholyte. The samples were focused by the follow-
ing condition: ?,??? V, ?? mA, ?? W, and ?,??? Vh. After 
IEF, the gel was stained with a staining solution to detect 
the POD isozymes. The staining solution was composed 
of B-POD, POD-?, and POD-? in the volume ratio of ??: 
??: ?. The components were as follows: B-POD: ?.???% 
?-amino-?-hydroxymethl-?,?- propanediol (w/v) and 
?.???% (v/v) acetic acid in distilled water; POD-?: ?.??% 
?-amino-?-ethylcarbazole (w/v) and ?.???% ?-napthol (w/
v) in ethanol; and POD-?: ?% H?O? (v/v) in distilled water 
(Shiraishi ????). After drying, photographs of the stained 
gels were taken using a digital camera.
3.3 Results
3.3.1 Distribution of peroxidase activity
Figs. ?.? to ?.? show the time-course changes of the in 
situ POD activity. Specific POD localization was not ob-
served in all the C? plantlet sections from ? h to ?? d (Fig. 
?.?). In the C? plantlets, in situ speciﬁ c POD localization 
was observed in the periderm, cortex, phloem, cambium 
zone, and wound-induced callus from ? h to ?? d after 
wounding; however, localization of speciﬁ c POD changed 
in these tissues during time-course culture (Fig. ?.?). 
In the T plantlets, speciﬁ c POD activity was ﬁ rst detected 
in the cortical layer, cambium zone, lumen of vessels, and 
pith area at ? h post-infection. Thereafter, the localization 
area of speciﬁ c POD activity continuously expanded up to 
?? d post-infection, and the activity was also detected in the 
wound-induced callus at ?? and ?? d post-infection (Fig. 
?.?). 
The specific POD localization was more rapidly and 
extensively observed in the T plantlets compared to the C? 
plantlets (Figs. ?.?, ?.?). In Japanese white birch plantlets 
No.?, The speciﬁ c POD activity was detected at ? h after 
wounding and infection. Although a time lag was found for 
the speciﬁ c POD localization and accumulation of phenolic 
compounds, the speciﬁ c POD localization area was almost 
the same as those of speciﬁ c autoﬂ uorescence of phenolic 
compounds (Figs. ?.?-?.?) and accumulation of phenolic 
compounds in the all treated plantlet (Figs. ?.?-?.?). More-
over, POD was activated more rapidly than phenolic accu-
mulation in all the treated plantlets (Fig. ?.?).
 
3.3.2 Expression of peroxidase isozyme
The isoelectric focusing electropherograms of POD 
isozymes in the C?, C?, and T plantlets at ?, ??, and ?? d 
after treatments are shown in Fig. ?.?. Clear isozyme bands 
were observed in the basic region (pI > ?.?), and three 
POD isozymes (pI ?.?, pI ?.?, and pI ?.?) were induced by 
wounding and fungal infection. The absence of cationic 
POD isozymes in the C? plantlet reflects the observation 
of the in situ speciﬁ c POD activity. In the C? plantlet, the 
activity of PODs with pI ?.? and pI ?.? increased with time 
after wounding, and the activity of POD with pI ?.? also in-
creased at ?? to ?? d post-infection in the T plantlet. How-
ever, the activity of POD with pI ?.? was strongly induced 
within ? d post-infection and then decreased gradually up to 
?? d post-infection in the T plantlet. 
3.4 Discussion
It has been reported that anionic POD is involved in the 
responses to wounding (Espelie et al. ????, Bernards et al. 
????), elicitor treatments (Egea et al. ????; Fernandes et al. 
????; Kukavica et al. ????), and pathogen attack (Lagrimini 
and Rothstein ????; Ye et al. ????). However, some studies 
have revealed that cationic POD is also related to resistance 
responses to abiotic and biotic stress (Ros Barceló et al. 
????; Quiroga et al. ????; Wally and Punja ????). Wally 
and Punja (????) examined the mechanisms of disease 
resistance in a transgenic carrot (Daucus carota L.) line 
(P??) which constitutively over-expresses rice cationic 
peroxidase OsPrx???. When the carrot suspension cultures 
were treated with cell wall fragments of the fungal patho-
gen Slerotinia sclerotiorum as an elicitor, the transcript 
levels of pathogenesis-related (PR) genes were dramatically 
increased in the line P?? compared to the controls. Simulta-
neously, H?O? accumulation was decreased in the line P?? 
despite the observation of the typical medium alkalization 
associated with oxidative burst responses. 
Based on these results, particular cationic PODs may 
contribute to the enhancement of disease resistance through 
increased PR transcript accumulation, rapid removal of 
H?O? during the oxidative burst response, and enhanced 
lignin formation. In the present study, cationic POD iso-
zymes (pI ?.?, pI ?.?, and pI ?.?) were activated by wound-
ing and fungal infection in Japanese white birch plantlet 
No.?. Therefore, these cationic PODs are considered to 
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be involved in the responses to wounding and infection in 
the plantlet, even though the changes in the POD isozyme 
activity did not exactly correspond to the changes in the in 
situ speciﬁ c POD activity. In addition, the POD with pI ?.?, 
which was rapidly induced by the fungal infection, may 
be correlated with the responsive mechanisms in the plant-
let No.?. Furthermore, as shown in Figs. ?.? and ?.?, the 
patterns of the time-course changes in the in situ specific 
POD activity observed using a histochemical method were 
different between the C? and T plantlets, suggesting that 
the responsive mechanisms to fungal infection are different 
from those to wounding. Based on the results obtained, it 
is considered that cationic POD isozymes are involved in 
the responsive mechanisms of Japanese white birch plantlet 
No.? to infection with I. obliquus strain IO-U?.
3.5 Summary
This study investigated the time-course changes of the in 
situ speciﬁ c peroxidase (POD) distribution and expression 
of POD isozymes in Japanese white birch plantlet No.? 
infected with a canker-rot fungus, I. obliquus strain IO-U?. 
Intact (C?), wounded (C?), and infected (T) plantlets were 
collected at ? h up to ?? d after the treatments. In situ spe-
ciﬁ c POD activity was detected in the C? and T plantlets, 
and the specific POD activity in the T plantlet was more 
widely distributed compared to that in the C? plantlet. In 
addition, the area of the specific POD activity localiza-
tion was almost the same as that of phenolic compounds, 
although a time lag was found between the appearance of 
the specific POD activity and phenolic compounds. The 
specific POD isozymes were clearly detected within the 
basic range (pI > ?.?) in IEF electropherograms. The ac-
tivity of cationic POD isozymes in the C? and T plantlets 
was induced strongly compared to that in the C? plantlet. In 
addition, the pattern of time-course changes in the activities 
of in situ specific POD and POD isozymes was different 
between the C? and T plantlets, suggesting that the respon-
sive mechanisms against fungal infection are different from 
those to wounding. The obtained results suggest that cation-
ic POD isozymes are related to the responsive mechanisms 
in Japanese white birch plantlet No.? against the infection 
to I. obliquus strain IO-U?.
Chapter 4  Proteome analysis of inducible proteins by 
fungal infection in Japanese white birch 
plantlet No.8
4.1 Introduction
Proteome analysis is considered to be a powerful method 
to resolve vital phenomena in organisms (Chevalier ????). 
Proteome analysis has been applied to clarify host-pathogen 
interactions in phytopathology studies (Casado-Vela et al. 
????; Chivasa et al. ????; Mahmood et al. ????; Amey et 
al. ????; Marsh et al. ????). In a susceptible grapevine (Vi-
tis vinifera ‘Cabernet Sauvignon’) infected with powdery 
mildew (PM) (Erysiphe necator), a comparative analysis of 
the differentially expressed proteins was conducted, with ?? 
proteins being signiﬁ cantly altered in abundance at ??, ??, 
??, and ?? h post-infection. These PM-responsive proteins 
were classified functionally into groups involved in pho-
tosynthesis, metabolism, disease/defense, protein destina-
tion, and protein synthesis, suggesting that PM-susceptible 
Cabernet Sauvignon is able to initiate a basal defense but 
unable to restrict fungal growth or slow disease progression 
(Marsh et al. ????). Thus, proteomics has been evolving as 
a useful tool to understand plant-microbe interactions at the 
molecular level.
Because the proteomic analysis of woody plants has 
rarely been performed, this chapter attempted to understand 
woody plant immunity, even though the complete genome 
sequence of Japanese white birch has not yet been elucidat-
ed. The purpose of this chapter is to identify the proteins 
produced speciﬁ cally in Japanese white birch plantlet No.? 
infected with I. obliquus strain IO-U? and to clarify the re-
sponses of the infected Japanese white birch plantlet.
Fig. 3.4 IEF electropherograms in the basic region of peroxidase isozymes expressed in C1, C2, and T Japanese white birch plantlets No.8 at 2, 10, and 30 d after the 
treatments (Takashima et al. 2013a).
??
4.2 Materials and methods
4.2.1 Preparation of plantlet and fungus
Aseptic Japanese white birch plantlet No.?, which was 
provided by Forestry and Forest Products Research Insti-
tute, Tsukuba, Japan, was prepared by the method described 
in Chapter ?. The fungus I. obliquus strain IO-U? used in 
this study was also prepared by the method described in 
Chapter ?. 
4.2.2 Fungal infection and wounding to the plantlet
The third internode from the apex of a three-month-old 
plantlet was cut at a depth of approximately ? mm using a 
surgical knife, and a small plug of mycelium was placed on 
the wound (T). Intact (C?) and wounded (C?) sterile plant-
lets were also prepared as controls. 
Two days after the treatments, each plantlet was deep-fro-
zen in liquid nitrogen, and the material was powdered using 
a mortar and a pestle. The proteins were extracted from the 
powder with ?-?? mL buffer containing ?.?% (w/v) Triz-
ma Pre-Set Crystals (pH ?.?) (Sigma-Aldrich), ?.?? mM 
Na?EDTA (Dojin Laboratories), ??% (v/v) glycerol, ?% (v/
v) Tween ??, and ?? mM dithiothreitol (DTT) and mixed 
with ??? mg Polyclar (Wako, Japan) and a small amount 
of quartz sand. The crude homogenates were centrifuged at 
??,??? ? g for ? h at ??. The supernatants were precip-
itated with ??% (w/v; final concentration) trichloroacetic 
acid aqueous solution for ? h at -???, followed by cen-
trifugation at ??,??? ? g for ?? min. The pellets obtained 
were washed three times with cold acetone, and the acetone 
was evaporated off at room temperature. The dried samples 
were resuspended in a solution containing ? M urea, ? M 
thiourea, ?% (w/v) CHAPS (GE Healthcare), ?? mM DTT, 
and ?% (v/v) IPG buffer (pH ?-?, GE Healthcare). The 
resuspended samples were stored at -???. The protein con-
centration of the samples was determined by the Bradford 
method (Bradford ????) with using ovalbumin (Sigma-Al-
drich) as a standard.
4.2.3 Two-dimentional electrophoresis
IEF was performed using IPG strips (Immobiline 
DryStrip pH ?-?, ?? cm, GE Healthcare) with an Ettan 
IPGphor unit (GE Healthcare). A ??? ?g protein sample 
was focused at ?? kVh with four step voltages from ??? 
V to ?,??? V. The second-dimension electrophoresis was 
performed on a ??.?% polyacrylamide gel using a Hoefer 
SE??? Ruby apparatus (GE Healthcare). After the two-di-
mensional electrophoresis (?-DE), the gels were stained 
with a Silver Staining Kit (GE Healthcare), and the gel 
images were acquired using a scanner (GT-????, EPSON, 
Japan). The spot detection, spot edition, and gel-to-gel 
matching were performed using ImageMaster ?D Platinum 
ver. ?.? software (GE Healthcare). Two-DE was carried 
out three times for intact, wounded, and infected plantlets, 
respectively. In addition, the infection-speciﬁ c protein spots 
from B. platyphylla var. japonica were conﬁ rmed not to be 
overlapped on those from I. obliquus by comparing their 
?-DE gels.
4.2.4 MALDI/TOF/MS of the infection speciﬁ c proteins
The spots speciﬁ cally expressed in the sample from the 
Fig. 4.1. Silver-stained 2-DE gel of the proteins from C1 Japanese white birch plantlet No.8. (Takashima et al. 
2013a).
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Fig. 4.2. Silver-stained 2-DE gel of the proteins from C2 Japanese white birch plantlet No.8. (Takashima et al. 
2013a).
Fig. 4.3. Silver-stained 2-DE gel of the proteins from Japanese white birch plantlet No.8 infected with I. obliquus 
(T) (Takashima et al. 2013a).
Note: The infection-speciﬁ c proteins are shown by the circles. Total 169 protein spots were detected as the infec-
tion-speciﬁ c proteins. Of the 169 protein spots, the 91 spots were excised from the gel and used as the samples 
for the mass spectrometric analysis. Proteins of spot ID Nos.80 and 119 were identiﬁ ed as heat shock 70 kDa 
protein (Hsp70) and heat shock 60k Da protein (Hsp60), respectively.
??
infected plantlet were selected and excised from the sil-
ver-stained gel. The gel pieces were destained with a mix-
ture of ?? mM potassium ferricyanide and ?? mM sodium 
thiosulfate (Gharahdaghi et al. ????). The in-gel digestion 
of the proteins by trypsin (Promega, USA) was performed 
according to the method of Shevchenko et al. (????).
Prior to the mass spectrometric analysis, all of the pep-
tide samples were desalted with ZipTip ?-C?? tips (Mil-
lipore Co., USA). For the mass spectrometric analysis, the 
peptide samples were mixed with ?-cyano-?-hydroxycin-
namic acid (CHCA) on an AnchorChip (Bruker Daltonics 
Inc., USA) according to the method of Gobom et al. (????). 
The mass spectra of the peptides were recorded using a 
MALDI-TOF-MS (Autoﬂ exII, Bruker Daltonics Inc.). All 
of the analyses were performed using a reflector positive 
mode, and the mass range was set from m/z ??? to ?,???. 
The protein identiﬁ cation was performed by peptide mass 
fingerprinting (PMF) using MASCOT software (www.
matrixscience.com). The used databases were NCBInr and 
SwissProt. MASCOT search was performed using the fol-
lowing parameters: taxonomy, all entries; enzyme, trypsin; 
number of missed cleavage sites, up to ? missed; fixed 
modification, carbamidomethylation of cysteine; variable 
modiﬁ cations, oxidation of methionine; peptide tolerance, 
? ?? ppm; peptide mass value, MH+ and monoisotopic 
mass.
4.3 Results 
Figs ?.? to ?.? show the images of silver-stained ?-DE 
gels of the proteins from the C?, C?, and T plantlets. The 
number of protein spots detected from the ?-DE gels of the 
C?, C?, and T plantlets were ???, ???, and ???, respective-
ly. Some protein spots were condensed at the ends in the pI 
? and pI ? ranges. A comparison of the gels between the C? 
and C? plantlets showed that total ??? protein spots were 
expressed as injury-specific proteins. In contrast, a com-
parison of the ?-DE gels between the C? and T plantlets 
revealed that total ??? protein spots were infection speciﬁ c 
(Fig. ?.?, Table ?.?).
Among the ??? infection-speciﬁ c protein spots, ?? pro-
tein spots were too vaguely stained to excise from the gel. 
Hence, the remaining ?? protein spots were excised from 
the gel and used as samples for the mass spectrometric 
analysis (Table ?.?). Among the ?? protein spots, only two 
protein spots were identiﬁ ed by MASCOT search. Although 
mass spectra of the remaining ?? protein spots were ob-
tained, these ?? proteins could not be identiﬁ ed by MAS-
COT search. Protein spot Nos.?? and ??? (Fig. ?.?) were 
identiﬁ ed as partial peptides of heat shock ?? kDa protein 
(Hsp??) and heat shock ?? kDa protein (Hsp??), respec-
tively, by the MALDI/TOF/MS analysis and subsequent 
database search with MASCOT software (Figs. ?.?, ?.?, 
and Table ?.?). However, adequate mass spectra could not 
be obtained from other protein spots. 
In this study, the quantitative analysis of the protein ex-
pression in three treated plantlets could not be performed 
because the silver staining intensity varied due to the dif-
ferences in protein structure. However, total ??? protein 
spots were detected as infection-speciﬁ c proteins. Thus, the 
infection with I. obliquus caused physiological changes in 
the Japanese white birch plantlets.
4.4 Discussion
Protein spot Nos.?? and ??? were identified as Hsp?? 
and Hsp??, respectively, by the MALDI/TOF/MS analysis 
using the MASCOT PMF search. Hsp?? and Hsp??, known 
as molecular chaperones, assist in the folding of newly syn-
thesized proteins. Under normal conditions, Hsp?? plays 
a role in assisting the folding of some newly translated 
proteins, guiding translocating proteins across organellar 
membranes, disassembling oligomeric protein structure, 
Fig. 4.4. Expressive comparison of two protein spots between C1, C2, and T Japanese 
white birch plantlets No.8 (Takashima et al. 2013a).
Note: Proteins of spot ID Nos.80 and 119 are shown by circles, respectively.
?????????????????????????????????
?? ??????????????????????
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?
?
?
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facilitating the proteolytic degradation of unstable proteins, 
and controlling the biological activity of folded regulatory 
proteins, including transcription factors (Bukau and Hor-
wich ????). In addition, Hsp?? most likely contributes to 
the stable refolding of proteins that are denatured by heat 
shock and other various stresses (Sung et al. ????). For 
example, several members of the Hsp?? family in spin-
ach are regulated by a light/dark signal which is circadian 
rhythm independent (Li and Guy ????). In addition, it was 
found that pea seed-borne virus induces the expression of 
PsHsp??.? (Aranda et al. ????). Regarding Hsp??, Langer 
et al. (????) reported that Hsp?? and Hsp?? cooperated 
functionally to regulate the maintenance of proteins in cells. 
Based on the results of our study, therefore, it is suggested 
that Hsp?? and Hsp?? cooperate to refold the proteins in 
Japanese white birch plantlet which are denatured by the 
infection of I. obliquus strain IO-U?. 
4.5 Summary
This chapter aimed to identify the proteins produced spe-
ciﬁ cally in Japanese white birch plantlet No.? by the infec-
tion with I. obliquus strain IO-U?. Sterile Japanese white 
birch plantlet was infected with the fungus, and the protein 
samples obtained at ? days post-infection were subjected 
to two-dimensional electrophoresis to detect the infec-
tion-speciﬁ c proteins. The speciﬁ c proteins were analyzed 
using MALDI/TOF/MS and identiﬁ ed by peptide mass ﬁ n-
gerprinting with MASCOT software. Among the ??? pro-
tein spots detected in the infected plantlet, ??? spots were 
recognized as infection-specific proteins. Of these spots, 
?? spots were analyzed using MALDI/TOF/MS, resulted 
in the identiﬁ cation of two heat shock proteins (Hsp?? and 
Hsp??) as the infection-speciﬁ c proteins. Hsp?? and Hsp?? 
may cooperate to refold proteins which were denatured 
by the infection of I. obliquus strain IO-U? in the birch 
plantlet. It is suggested that these proteins are expressed in 
Japanese white birch plantlet No.? by stress caused by the 
infection with I. obliquus strain IO-U?.
Chapter 5  Conclusion
In the present study, to clarify the responsive mecha-
nisms of Japanese white birch plantlet No.? infected with 
I. obliquus strain IO-U?, and to understand the interaction 
between Japanese white birch and the fungus, the fungus 
was artiﬁ cially infected to the clonal propagated plantlets of 
Japanese white birch. Time-course changes in in situ depo-
sition of speciﬁ c phenolic compounds, speciﬁ c POD distri-
bution and POD isozyme expression were analyzed. In ad-
dition, speciﬁ cally induced proteins in Japanese white birch 
plantlet infected with I. obliquus were identiﬁ ed. From the 
obtained results, responsive mechanisms of Japanese white 
birch infected with I. obliquus are discussed. 
Specific autofluorescence of phenolic compounds and 
accumulation of phenolic were not observed in the intact 
plantlets (C?). On the other hand, the speciﬁ c autoﬂ uores-
cence of phenolic compounds and accumulation of phe-
nolic compounds were recognized in the injured (C?) and 
infected (T) plantlets. the phenolic compounds were only 
localized near the wounded zone in the C? plantlet. In the 
C? plantlet, the speciﬁ c autoﬂ uorescence of phenolic com-
pounds was ﬁ rst observed in the cortex after ? h and in the 
pith and vessel at ? h after the wounding. After ?? and ?? d 
after the treatment, wound-induced callus tissue developed, 
and the outer layer of the callus exhibited the speciﬁ c auto-
ﬂ uorescence of phenolic compounds. In addition, phenolic 
compounds were observed in the cortical layer, cambium, 
and callus at ? d, ?? d, and ?? d after wounding, respective-
ly. In the T plantlet, the speciﬁ c autoﬂ uorescence was ob-
served in the vessel wall at ? h post-infection, in cortex and 
cambium at ? d post-infection, and in pith at ?? d post-in-
fection. In addition, the outer layer of wound-induced callus 
also showed the speciﬁ c autoﬂ uorescence at ?? d post-in-
fection. Similar results were also obtained in the accumu-
lation of phenolic compounds by light microscopy. From 
these obtained results, it is considered that massive induc-
tion of formation for phenolic compounds triggered by the 
fungal infection in Japanese white birch plantlet No.?.
The C?, C?, and T plantlets were collected at ? h up to 
?? d to investigate the time-course changes of the in situ 
specific peroxidase (POD) distribution and expression of 
POD isozymes. In situ speciﬁ c POD activity was detected 
in the C? and T plantlets, and the speciﬁ c POD activity in 
the T plantlet was more widely distributed compared to that 
?
(Takashima et al. 2013a).
?????????????????????????????????
?? ??????????????????????
in the C? plantlet. In addition, the area of the speciﬁ c POD 
activity localization was almost the same as that of pheno-
lic compounds, although a time lag was found between the 
appearance of the speciﬁ c POD activity and phenolic com-
pounds. POD isozymes were clearly detected within the 
basic range (pI > ?.?) in isoelectric focusing electrophero-
grams. The activity of cationic POD isozymes in the C? and 
T plantlets was induced strongly compared to that in the C? 
plantlet. In addition, the patterns of time-course changes 
in the activities of in situ speciﬁ c POD and POD isozymes 
were different between the C? and T plantlets, suggesting 
that the responsive mechanisms to fungal infection are dif-
ferent from those to wounding. The obtained results suggest 
that cationic POD isozymes are related to the responsive 
mechanisms in Japanese white birch plantlet No.? to the 
infection with I. obliquus strain IO-U?.
After ? d post-infection, the specific proteins were an-
alyzed using MALDI/TOF/MS and identified by peptide 
mass fingerprinting with MASCOT software. Among the 
??? protein spots detected in the T plantlet, ??? spots were 
recognized as infection-specific proteins. Of these spots, 
?? spots were analyzed using MALDI/TOF/MS, resulted 
in the identiﬁ cation of two heat shock proteins (Hsp?? and 
Hsp??) as the infection-speciﬁ c proteins. Hsp?? and Hsp?? 
may cooperate to refold the proteins which were denatured 
by the infection of I. obliquus in the Japanese white birch 
plantlet. It is suggested that these proteins are expressed in 
Japanese white birch plantlet No.? by the stress caused by 
infection with I. obliquus strain IO-U?.
Based on the results obtained in this study, the speciﬁ c 
POD was expressed on the surface of plant cell, immediate-
ly (by ? h post-infection) after the fungal invasion and the 
recognition by Japanese white birch plantlet. The speciﬁ c 
POD is considered to be involved in the H?O? generation 
and oxidation of phenolic compounds, leading to the po-
lymerization of phenolic compounds and accumulation of 
the substances into cell wall and lumen. The speciﬁ c accu-
mulation of phenolic compounds was also activated at ? h 
post-infection by fungal infection. The speciﬁ c polymerized 
phenolic compounds may act as barriers against fungal in-
vasion. The generated H?O? and synthesized phenolics may 
attack the fungal mycelium, and the H?O? may also cause 
the oxidative stress to plant cell itself. The unidentified 
fungal effectors and H?O? may cause the denaturation of 
the proteins in plant cell. Hsp?? and Hsp?? may work for 
refolding the proteins which were denatured by H?O? and 
fungal effectors. 
In conclusion, it is considered that Japanese white birch 
plantlet functionally activates its basal defense mechanisms 
against the infection of I. obliquus, and protects its biologi-
cal function and physiological activity by repairing the de-
natured proteins in the cells. However, the unidentiﬁ ed fun-
gal effectors and suppressors are considered to be decrease 
the level of basal defense in the birch plantlets, eventually 
resulted in the completion of fungal infection and mycelial 
growth in the birch plantlet. 
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Responsive mechanisms of the Japanese white birch
(Betula platyphylla Sukaczev var. japonica) plantlet infected
with a?canker-rot fungus Inonotus obliquus
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Summary
Chapter 1 Introduction
Japanese white birch (Betula platyphylla Sukaczev var. 
japonica (Miq.) H. Hara) is distributed through subalpine 
zone in Honsyu and Hokkaido, Japan. Its wood is used for 
furniture, interior, raw materials of pulpwood, ﬁ berboards, 
particleboards, and others. On the other hand, Inonotus 
obliquus (pers. Ex Fr.) Pilat is distributed in Europe, Sibe-
ria, China, Japan, and North America. This fungus causes 
stem heart rot of birch trees, and produces a black solid 
sclerotium called as sterile conk or canker-like body. There-
fore, to prevent Japanese white birch trees from the can-
cer-rot disease caused by I. obliquus, the responsive mech-
anisms of the Japanese white birch plantlet infected with I. 
obliquus should be clariﬁ ed. 
The objectives of the present study are to clarify the 
responsive mechanisms of Japanese white birch plantlets 
infected with I. obliquus. Three-month-old Japanese white 
birch plantlets No.?, which were prepared through the in 
vitro micropropagation techniques, were infected with I. 
obliquus strain IO-U?. After infection, time-course changes 
of accumulation of specific phenolic compounds, specific 
peroxidase (POD) distribution, and POD isozyme expres-
sion were analyzed. In addition, speciﬁ cally produced pro-
teins were also identiﬁ ed by proteome analysis. Based on 
the obtained results, the responsive mechanisms of the Jap-
anese white birch plantlet infected with a canker-rot fungus 
I. obliquus were discussed.
Chapter 2 Histochemical studies of speciﬁ c phenolics 
accumulation in the Japanese white birch 
plantlet infected with Inonotus obliquus
Accumulation of speciﬁ c phenolic compounds was histo-
chemically observed in the intact (C?), wounded (C?), and 
infected (T) plantlets. To clarify the time-course changes 
of the substances, the samples were collected at ? h to ?? d 
after the treatments. In the C? plantlet, no speciﬁ c autoﬂ u-
orescence of speciﬁ c phenolic compounds was recognized. 
On the other hand, the speciﬁ c autoﬂ uorescence of pheno-
lics was observed near the wounded zone of the C? plantlet. 
The speciﬁ c autoﬂ uorescence of phenolic compounds in the 
C? plantlet was ﬁ rst observed in the cortex after ? h and in 
the pith and vessel at ? h after the wounding. After ?? and 
?? d after the wounding, the wound-induced callus devel-
oped, and the outer layer of the callus exhibited the speciﬁ c 
autoﬂ uorescence of phenolic compounds. In addition, spe-
ciﬁ c phenolic compounds were observed in cortical layer, 
cambium, and callus at ?, ??, and ?? d after wounding, re-
spectively. On the other hand, in the T plantlet, the speciﬁ c 
autoﬂ uorescence was also observed in the vessel wall at ? 
h post-infection, in cortex and cambium at ? d post-infec-
tion, and in pith at ?? d post-infection. In addition, the outer 
layer of wound-induced callus also showed the speciﬁ c aut-
ofluorescence at ?? d post-infection. From these obtained 
results, it is considered that massive induction for produc-
ing specific phenolic compounds was triggered by fungal 
infection in Japanese white birch plantlet No.?.
Chapter 3 The relationships between distribution of 
speciﬁ c peroxidase activity and expression of 
peroxidase isozymes
Time-course changes of the in situ peroxidase (POD) 
distribution and expression of POD isozymes were investi-
gated for Japanese white birch plantlet No.? infected with 
I. obliquus strain IO-U?. The C?, C?, and T plantlets were 
obtained at ? h up to ?? d. In situ specific POD activity 
was detected in the C? and T plantlets, and the specific 
POD activity in the T plantlet was more widely distributed 
compared to that in the C? plantlet. In addition, the area of 
the speciﬁ c POD activity localization was almost the same 
as that of specific phenolic compounds, although a time 
lag was found between the appearance of the speciﬁ c POD 
activity and the specific phenolic compounds. The POD 
isozymes were clearly detected within the basic range (pI > 
?.?) in isoelectric focusing electropherograms. The activity 
of cationic POD isozymes in the C? and T plantlets was 
induced strongly compared to that in the C? plantlet. In 
addition, the pattern of time-course changes in the activities 
of in situ speciﬁ c POD and POD isozymes was different be-
tween the C? and T plantlets, suggesting that the responsive 
mechanisms to fungal infection are different from those to 
wounding. The obtained results suggest that cationic POD 
isozymes are related to the responsive mechanisms in Jap-
?????????????????????????????????
?? ??????????????????????
anese white birch plantlet No.? against the infection with I. 
obliquus strain IO-U?.
Chapter 4 Proteome analysis of inducible proteins by 
fungal infection in Japanese white birch 
plantlet No.8
The proteins produced specifically in Japanese white 
birch plantlet No.? by the infection with I. obliquus strain 
IO-U? were identified by proteome analysis. The sterile 
Japanese white birch plantlets were infected with the fun-
gus, and the protein samples obtained at ? d post-infection 
were subjected to two-dimensional electrophoresis to detect 
the infection-specific proteins. The specific proteins were 
analyzed using MALDI/TOF/MS and identiﬁ ed by peptide 
mass fingerprinting with MASCOT software. Among the 
??? protein spots detected in the infected plantlet, ??? spots 
were recognized as infection-specific proteins. Of these 
spots, ?? spots were analyzed using MALDI/TOF/MS, re-
sulted in the identiﬁ cation of two heat shock proteins (Hsp?? 
and Hsp??) as the infection-specific proteins. Hsp?? and 
Hsp?? may cooperate to refold the proteins which were 
denatured by the infection of I. obliquus strain IO-U? in 
the birch plantlet. It is suggested that these proteins are ex-
pressed in Japanese white birch plantlet No.? by the stress 
caused by the infection with I. obliquus strain IO-U?.
Chapter 5 Conclusion
Based on the results obtained in the present study, the 
speciﬁ c POD was expressed on the surface of the plant cell, 
immediately after the invasion of I. obliquus IO-U? and the 
detection by Japanese white birch plantlet No.?. The specif-
ic POD is considered to be involved in the H?O? generation 
and phenolic oxidation. The speciﬁ c POD-mediated polym-
erization of phenolics was activated by the fungal infection. 
Hsp?? and Hsp?? work for refolding the proteins which 
were denatured by H?O? and unidentiﬁ ed fungal effectors. 
In conclusion, it is considered that Japanese white birch 
plantlet functionally activates its based defense mecha-
nisms against the infection of I. obliquus, and protects its 
biological function and physiological activity by repairing 
the denatured proteins in the plantlet cells. However, the 
unidentiﬁ ed fungal effectors and suppressors are considered 
to decrease the basal defense level in the birch plantlet, 
eventually resulted in the completion of fungal infection 
and mycelial growth in the birch plantlet.
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